A second-order group additjvity method has been developed for the estimation of the heat capacity of liquid hydrocarbons as a function of temperature in the range from the melting temperature to the normal boiling temperature. The temperature dependence of group contributions and structural corrections has been represented by a polynomial expression. The adjustable parameters in the polynomials have been calculated using a weighted least squares minimization procedure. Recommended heat capacities from a large compilation of critically evaluated data that contains over 1300 org~nic liquids served as a database both for the development and testing of the method.
Introduction
Heat capacity is a basic thermodynamic property. It is used in chemical engineering calculations to obtain the differences in thermodynamic functions between two different temperatures. Experimental liquid heat capacity data are avai1able for only a fraction of the total number of compounds encountered in industrial processes. In addition, for only a small number of compounds does the extant data cover the temperature interval that is often required in applications, i.e. from the melting temperature up to the normal boiling temperature. Estimation methods are an obvious choice to provide heat capacities for compounds for which there is a complete lack of data or for which data are available only over a limited temperature interval.
Additivity schemes that correlate thermophysical and, thermodynamic properties with molecular structure have become widely used for data estimation. Because a molecular property is calculated by summing up atomic, bond, or group contributions, the additivity methods are purely empirical. The additivity approach applied to the estimation of thermophysical properties was systematically developed by S.W. Benson and coworkers (58BEN/ BUS, 69BEN/CRU, 70BEN/ONE, 73EIG/GOL, 77LUR/BEN, 77SHNGOL, 77STE/GOL, 91BEN/ GAR). From the begin~ing, attention has been focused primarily towards the estimation of thermodynamic properties for the gas phase. . Several additivity methods have been proposed for the estimation of liquid heat capacities (55JOHlHUA, 65MIS, 69SHA, 73CHU/SWA1, 73CHU/SWA2, 77LUR/ BEN, 8I0GI/ARA, 82CHU/NGU, 88DOM/HEA). Some methods utilize a second order additivity routine that takes into account the nearest-neighbor interactions in the definition of structural units into which molecules are divided. Guthrie and Taylor (84GUTff A Y) developed an additivity method for the estimation of the heat capacity of vaporization that is defined as the difference between the gas and the liquid heat capacities. An additivity methods developed for the estimation of the liquid heat capacity so far, with the exception of 77LUR/BEN, provide contributions either at a single temperature, typically near 25°C, or at a few discrete temperatures (65MIS). Luria and Benson (77LUR/BEN) developed group contributions that permit the estimation of the liquid heat capacity in an analytical form that represents the dependence of the heat capacity of a hydrocarbon on temperature. In chemical engineering calculations, an analytical equation for the heat capacity as a function of temperature is preferred to discrete values of heat capacities given at a few temperatures.
The current project has been concerned with the revision of the existing group contributions and structural corrections developed by Luria and Benson (77LURI BEN) and the extension of the method to cover a broad range of organic liquids containing the elements: carbon, hydrogen, oxygen, nitrogen, sulfur, and halogens. The second-order additivity method provides for the estima-J. Phy •• Cham. Ref. Data, Vol. 22, No.3, 1993 tion of the heat capacity of organic liquids and yields the heat' capacity as a function of temperature in an analytical form. Thus, the method can be implemented readily in chemical engineering calculations to establish energy balances or to evaluate the effect of temperature on phase and reaction equilibria.
The development of the method has been made possible as a large compilation of experimental calorimetrically measured heat capacities has become available (88ZAB/RUZ, 93ZAB/RUZ)_ The compilation contains critically evaluated data for over 1300 organic compounds. The evaluated heat capacities served as the input data in the development of the present estimation method . . This paper presents group and structural correction parameters for hydrocarbons. A total of 29 groups and 24 structural corrections are given which include those for families such as alkanes, alkenes, alkynes, aromatic hydrocarbons, and saturated and unsaturated cyclic hydrocarbons.
Development of the Method

Additivity Scheme
We have used the following expression to estimate the heat capacity of organic liquids, C, as a function of temperature:
where R is the gas constant (R = 8.31451 J-K-l. mol-I, 88COHrr A Y), 11i is the number of additivity units of type i, !lei is the dimensionless value of the additivity unit of type i~ and k is the total number of additivity units in a molecule. The additivity units include groups and structural corrections.-Several functional forms for the dependence of !l.c; on temperature have been considered and examined (92RUVDOM). Finally, a simple expression has been chosen: de; = a; + b; 1~ + d; ( l~O )2 (2) where T is temperature in K and aj, b;, d; are adjustable parameters. Other, more complex expressions wererejected as adjustable parameters are highly correlated. Insufficient accuracy of the heat capacity data, a narrow interval of available data for some compounds, poor choice of structural units into which molecules are broken, and inadequacy of the model are possible explanations for the parameter correlation. We believe that the first two items are the most probable causes that prevent the use of a more extensive functional form for the dependence of Ilc i with temperature.
Temperature Range
The present estimation method is applicable from the melting temperature to the normal boiling temperature which is the range for the liquid phase· most often re-quired in chemical engineering calculations. At present, it is not possible to develop an empirical method to estimate heat capacities of organic liquids over a wider temperature range as experimental data above the normal boiling temperature are scarce. The method can be extrapolated to temperatures above the normal boiling point; however, the predictive accuracy deteriorates as the extent of the temperature extrapolation increases. Near the;, c;ritical point deviations between observed and estimated heat capacities become large as the liquid heat capacity becomes infinite at the critical point. '
Csat are nearly equal in magnitude. The difference between Cp and Csat at the normal boiling temperature lies typically below 0.2 % and only becomes significant far above the normal boiling temperature. Even when the method is applied above the normal boiling temperature the deviations between observed and estimated heat capacities exceed the differences between C p and C sat •
Group Notation
When comparing recommended heat capacities and those estimated using additive contributions reported here we have encountered only few instances where it was necessary to use temperature outside the range of one or more groups present in the compound. We found that the temperature extrapolation up to 80 K outside the range of a group has no considerable effect upon the error of prediction. It was shown by 93RUZ/DOM that extrapolated group values calculated outside the temperature limits are reasonable when using the eqn.
(2) for the dependence of contributions !:'Ci with temperature. ' .
We have followed the group notation developed by Benson and coworkers (58BENIBUS, 69BEN/CRU). The group is defined as a central atom together with its nearest-neighbor atoms and ligands. We have adopted the short form of the notation for mUltiple bonded atoms CJ, C, Cs, and Ca that omits the atom at the other end of the multiple bond. Ct is a double bonded carbon atom attached to a second double bonded carbon atom and to two other monovalent ligands, Ct is a triple bonded carbon atom attached to a second triple bonded carbon atom and tu anuther monovalent ligand, Cs is a carbun atom in a benzene ring attached to two other benzene ring carbon atoms and to another monovalent ligand, Ca is the double bonded carbon atom located in the middle of the aHenic group > C = C = C <. Table 1 lists all groups that we have used together with a sample group assignment for some typical molecules. propane: 2 C-(H)3(C), 1 C-(H):z(C)2 n-hexane: 2 C-(H)3(C), 4 C-(H)2(C):z 2-methylpentane: 3 C-(H)3(C), 2 C-(H)2(C)2, 1 C-(H)(C)J 2,2-dimethylbutane: 4 C-(H)3(C), 1 C-(H):z(C)2' 1 C-(C)4 ethene: 2 Ccr(H)2 I-propene: 1 C-(H),(C), 1 C,r-{H)2. 1 C,r-{H)(C) 2-metbyI-l-propene: 2 C-(H)3(C), 1 Cr(H)2, 1 Cr(C)2 1,3-butadiene: 2 Cr(H):z, 2 Ccr(H)(Ct) 2-methyl-l,3-butadiene: 1 C-(H)3(C), 2 Cr(H)2, 1 Ccr(H)(Cd), 1 Ccr(C)(C d ) I-butene: 1 C-(H).,(C), 1 C.r(H).z, 1 C,,(H)(C), 1 C-(H)z(C)(Ct) 3-methyl-l-butene: 2 C-(H)3(C), 1 Cr(H)z, 1 Cr(H)(C), 1 C-(H)(C)2(C d ) 3,3-dimethyl-l-butene: 3 C-(H)3(C), 1 Cr(H)z, 1 Cr(H)(C), 1 C-(C)3(Ct) 1,4-pentadiene: 2 Cr(H)z, 2 Cr(H)(C), 1 C-(H)2(Cd):Z
1,2-butadiene: 1 C-(H)l(C), 1 Cr(H)2, 1 Cr(H)(C), 1 C. benzene: 6 CD-(H) toluene: 5Cu-(H), 1 Cu-(C), 1 C-(H)3(C) ethenylbenzene: 5 CB-(H), 1 Cs-(Ct), 1 Cr(H)2. 1 Ca(H)(C)d 1,1'-biphenyl:lO Cu-(H), 2 Cs-(CB) c;thylbclll.cnc; S Co-{H), 1 CB-(C), 1 C-(H)2(C)(CB), 1 C-(H)J(C) I-methylethylbenzene: 5 CB-(H), 1 Cu-(C), 1 C-(H)(C)2(C B ),2 C-(H)3(C)1 (l,l-dimethylethyl)benzene: 5 Cr(H), 1 Cs-(C), 1 C-(C)3(CB), 3 C-(H)3(C) 1,1'-methylenebisbenzene: 10 Cs-(H), 2 Cs-(C), 1 C-(H)2(C B )z 1,1',I"-methylidenetrisbenzene: 15 CB-(H), 3 CB-(C), 1 C-(H)(C S )3 naphthalene: 8 Cs-(H), 2 CBr(CBF)(CB)2 phenanthrene: 10 CJr:'(H). 2 CBr(CBF)(CB)z, 2 CBr(CBF)z(CB) fluoranthene: 10 Cu-(H), 1 CBr(CBF)(CB)2, 4 C B rlCBF)2(C B ), 1 C B rlCBF)3 -The approximation C-(H)2(C}(C,) i5 C-(H)2(C)(CJ} was used. lYJ'he approximation CB-(C,) i5 CU-(Cd) was used. Benson et al. (69BEN/CRU) and many other authors who have developed a second-order additivity method for the estimation of thermophysical properties arbitrarily assigned values to some groups either when groups e~ist in conjugate pairs or when data for the calculation of a group are unavailable. We have utilized some of the assignments mainly as it reduced the colinearity of adjustable parameters (93RUZ/DOM). The list of equivalent groups is given: in Table 2 .
Next-to-Nearest Neighbor Interactions
The second-order additivity method makes no allowance for next-to-nearest neighbor interactions. Some authors have found that such interactions have considerable influence on molecular properties and therefore in-cluded· corrections to . account for next-to-nearest neighbor interactions. The gauche, cis, and ortho corrections developed by Benson et al. (69BEN/CR U) or the methyl. repulsion correction suggested by Domalski and Hearing (88DOMIHEA) are some examples of the approach.
It is worthwhile to incl4de a correction for a next-tonearest neighbor interaction if it accounts for a difference between observed and estimated molecular property that is almost equal in magnitude or larger than the uncertainty in the estimated values. When examining the reco~mended heat capacities taken from the compilation 93ZAB/RUZ, we have found that the largest differences in heat capacities of cis and trans isomers of alkenes and of saturated cyclic hydrocarbons and of ortho, meta, and para isomers of substituted benzene are approximately as large as the uncertainty of the present estimation method. For some compounds the differences in heat capacities of two isomers change in magnitude or even change from a positive to a negative value in the temperature interval where the data for both isomers are available. This is most probably due to an experimental error of the original data. Thus, we have not developed corrections for next-to-nearest neighbor interactions due to the lack of sufficiently accurate data.
We have adopted the approach proposed by Benson and coworkers (69BEN/CRU, 76BEN) to estimate the heat capacity of saturated and unsaturated cyclic hydrocarbons. The heat capacity of a cyclic hydrocarbon is estimated by summing up group contributions developed for acyclic compounds and then adding a structural correction that is specific for the particular cyclic compound. As the corrections reflect the internal ring strain i~posed on a molecule, they are denoted as ring strain corrections, or rsc. Table 3 lists all structural corrections that we have used together with typical sample group assignments.
Structural correction cyclopropane rsc cyclobutane rsc cyclopentane (unsub) rsc cyclopentane (sub) rsc cyclohexane rsc cycloheptane rsc cyclooctane rsc spiropentane rsc cyclopentene rsc cyclohexene rsc cycJoheptene rsc cyclooctene rsc cyclohexadiene rsc cyclooctadiene rsc cycloheptatriene rsc cyclooctatetraene rsc in dan rsc IH-indene rsc tetrahydronaphthalene rsc decahydronaphthalene rsc hexahydroindan rsc dodecahydrofluorene rsc tetradecahydrophenanthrene rsc hexadecahydropyrene rsc TABLE 3. List of structural corrections Sample group assignment cyclopropane: 3 C-(H)2(Ch, 1 cyclopropane rsc cyclobutane: 4 C-(H)2(Ch, 1 cyclobutane rsc cyclopentane: 5 C-(H)2(Ch, 1 cyclopentane (unsub) rsc methyJcyciopentane: 1 C'-(H)3(C), 4 C-(H)2(C)2' I C-(H)(C)3, 1 cycJopentane (sub) rsc cyclohexane: 6 C-(H)2(C)2' 1 cycJohexane rsc cycloheptane: 7 C-(Hh(Ch, 1 cycloheptane rsc cyclooctane: 8 C-(H)2(C)2, 1 cyclooctane rsc spiropentane: 4 C-(H)2(C)2, 1 C-(C)4' 1 spiropentane rsc cyclopentene: 1 C-(Hh(Ch, 2 Ca(H)(C), 2 C-(Hh(C)(Cd), 1 cyclopentene rsc cyclohexene: 2 C-(Hh(Ch, 2 Ca-(H)(C), 2 C-(H)2(C)(Cd), 1 cycJohexene rsc cycJoheptene: 3 C-(H)2(C)2, 2 Ca(H)(C), 2 C-(H)2(C)(Cd), 1 cycJoheptene rsc cyclooctene: 4 C-(Hh(Ch, 2 Ca(H)(C), 2 C-(H)2(C)(Cd), 1 cyclooctene rsc 1,3-cyclohexadiene: 2 Cd-(H)(C), 2 Ca-(H)(Cd), 2 C-(H)2(C)(Cd), 1 cyc10hexadiene rsc 1,5-cyclooctadiene: 4 Ca(H)(C), 4 C-(H)2(C)(~), 1 cyclooctadiene rsc 1,3,5-cycloheptatriene: 2 Cd-(H)(C), 4 Ca-(H)(Cd), 1 C-(H)2(Cd)2, 1 cycloheptatriene rsc 1,3,5,7-cyclooctatetraene: 8 Ca-(H)(Cd), 1 cyclooctatetraene rsc indan: 1 C-(Hh(C)2, 4 CB-(H), 2 CriC), 2 C-(H)2(C)(CB), 1 indan rsc IH-indene: 1 Cd-(H)(C), 1 Ca(H)(Cd), 1 C-(H)2(Cdh, 4 CB-(H), 1 Cr(C), 1 CB-(Cd), I1H-indene rsc 1,2,3,4-tetrahydronaphthalene: 2 C-:(H)2(C)2, 4 Cu-(H), 2 Cu-(C), 2 C-(H)2(C)(CB), 1 tetrahydronaphthalene rsc decahydronaphthalene: 8 C-(H)2(C)2, 2 C-(H)(C)3' 1 decahydronaphthalene rsc hexahydroindan: 7 C-(H)2(C)2' 2 C-(H)(C)3, 1 hexahydroindan rsc dodecahydro-9-methylfluorene: 1 C-(H)3(C), 8 C-(H)2(Ch. 5 C-(H)(C)3, 1 dodecahydrofluorene rsc tetradecahydrophenanthrene: 10 C-(H)2(Ch, 4 C-(H)(C)3' 1 tetradecahydrophenanthrene rsc 3-ethyIhexadecahydropyrene: 1 C-(H)J(C), 10 C-(Hh(C)2, 7 C-(H)(C)3, 1 hexadecahydropyrene rsc
Determination of Additivity Unit Values
A mUltiple linear least squares method has been used for the calculation of adjustable parameters in Eq. (2). The minimized objective function has the following form:
(3)
where the subscript j denotes j -th data point, Cr e is the recommended liquid heat capacity, C j estd is the estimated heat capacity. The weight, Wj, is equal to the reciprocal of the variance of the j-th data point cr(c;-). It is estimated for each j -th value on the basis of the assumed accuracy of the recommended heat capacities. The input information is the percentage error of the recommended data, O'rC. Thus, the weight of the j -th data point is expresse~ as:
(4)
The adjustable parameters were calculated by simultaneous minimization of the recommended heat capacities for families of structurally similar compounds in a series of five successive steps. In the first step, 16 group parameters were determined using selected data on 39 alkanes, alkenes including dienes, and alkynes. In all consecutive steps of the parameterization scheme, adjustable parameters were calculated for additivity units that occur in another family of compounds while the previously determined parameters were fixed. In the second step, 13 group parameters were calculated using selected data on ' 36 aromatic hydrocarbons including multi-ring hydrocarbons and biphenyls. In the third step, 8 structural correc-tions· were determined using selected data on 24 mono-cycloalkanes. In the fourth step, 11 structural cor-rections were calculated using selected data on 18 unsaturated cyclic hydrocarbons. In the last step, 5 structural corrections were determined using selected data on 16 perhydroindans, perhydronaphthalenes,' perhydrofluorenes, perhydrophenanthrenes, and perhydropyrenes. The list of selected compounds is given in Table 4 together with the temperature ranges for the recommended data and literature references to sources of original data that served for the generation of recommended heat capacities. The adjustable parameters for the calculation of group contributions and structural corrections are given in Tables 5 and 6. The appendix gives a sample calculation, for n -heptane at 300 K.
Database of Liquid Heat Capacities
The recommended heat capacities were obtained from an extensive compilation that contains all currently available calorimetrically measured heat capacities for over 1300 liquid organic compounds (88ZAB/RUZ, 93ZAB/ RUZ). The compilation includes parameters of a smoothing equation obtained from a critical assessment of experimental data. Parameters are accompanied by a rating that represents the expected overall accuracy of the data. The rating was expressed as a percentage error and served as the input information for the calculation of weights in the least squares parameterization (see
Eq. (4».
A PC-version of the database that provides parameters of a smoothing equation, tables of heat capacities over a specified temperature interval, and enthalpy and entropy difference between two specified temperatures, will be available from the Standard Reference Data Program of the National Institute of Standards and Technology, Gaithersburg, Maryland. 
aparameter values given in the E notation. The first part of the number denotes the fractional part which is followed by the exponent to the base 10 (e.g.-3.3997E-l means -3.3997'10-1 ). bAdjustable parameters were calculated from heat capacity data on a single compound only.
Results and Discussion
An extensive evaluation of the present method was made by comparing recommended heat capacities and those estimated using additive contributions reported here. The recommended heat capacities were taken from the compilation 93ZAB/RUZ. A total of 265 hydrocar. bons and almost 4000 data points were included in these comparisons. Deviations between recommended and estimated values were calculated for the temperature range from the lower limit of the recommended data up to the normal boiling temperature or up to the upper limit of the recommended data if it lies below the normal boiling temperature. If the recommended data extend above the normal boiling temperature, a second set of deviations was determined using data for the entire temperature range. The standard deviation and average absolute percent deviation are given for each compound in Tables 7   to 13 where compounds were divided according to their molecular structures into the following families: n -alkanes, branched alkanes, alkenes, dienes, cyc1oalkanes, un· saturated cyclic hydrocarbons, and aromatic hydrocarbons.
We have also made comparisons using group contribution parameters developed by Luria and Benson (77LUR/BEN). The comparisons involved a smaller set of compounds than that mentioned previously as we determined 11 more group contributions and 10 more structural corrections than reported by 77LUR/BEN. In addition, we found that there is apparently an error in parameter vaJues for the L~(H)2(C)(Cd) group given by 77LUR/BEN as deviations between recommended and estimated heat capacities are extremely high for hydrocarbons containing the C-(H)z(C)(CeJ) group in their molecular structure. Another indication of an erroneous value of parameters for the C-(H)2(C)(Cd) group is that group values are large and negative in the entire temperature range. By contrast none of the group contribution values that we determined is negative, and the same is true for the group contribution values for the liquid heat capacity at 25°C reported by 88DOM/HEA. The summary deviations between the recommended and estimated values using the parameters by 77LUR/BEN given separately for almost all f«unities of hyurucarbums are given in Table 14 . In this table, the summary deviations calculated using group values developed in this work are also presented for identical sets of compounds. As we determined parameters for more additivity units than presented by 77LUR/BEN, Table 14 also includes summary deviations for the entire families of hydrocarbons. ·Parameter values given in the E notation. The first part of the number denotes the fractional part which is followed by the exponent to the base 10 (e.g.-3.3997E-1 means -3.3997.10-1 ). bAdjustable parameters were calculated from heat capacity data on a single compound only.
An additional comparison of the present method with, the method developed by Lee and Kesler (75LEE[KES) has been made. The Lee-Kesler method is a generalized corresponding states method that requires data for the critical temperature, critical pressure, acentric factor, and the heat capacity of the ideal gas for the estimation of the heat capacity of vapor and liquid phase as a function of temperature. We have inc1uded several representative compounds from each family in the comparison. The input data required for the application of the Lee-Kesler method were taken from the following sources. Critical properties and acentric factors were obtained from the database of physico-chemical properties of pure compounds CDAT A (92R UZ/LAB) that contains recommended values based on the critical evaluation of a wide range of literature sources and includes also some estimated values. The heat capacity of the ideal gas was taken from the compilation by Bures et ale (87BUR/ HOL) that presents the heat capacity as a function of temperature in an analytical form. Several reliable data compilations were used to develop the parameters of correlating equations given in 87BUR/HOL. Deviations between the recommended and the estimated heat capacities for individual compounds are given in Tables 7   to 13. Table 15 presents a comparison of the summary deviations calculated for the present group contribution method and the generalized Lee-Kesler method. Deviations are compared for identical sets of compounds belonging to different families. A slightly smaller number of data points that were included in the evaluation of the Lee-Kesler method is due to convergence problems in the calculation of density in the proximity of the critical point. Generally, in contrast to the present group contribution method, deviations for the Lee-Kesler method are significantly larger in the range from the low temperature limit to the normal boiling temperature than in the entire temperature range of data. An example of the agreement between the recommended and the estimated liquid heat capacity is demonstrated in Fig. 1 for I-pentene.
n -Alkanes
The heat capacity data on n -alkanes are the most abundant with regard to the number of members within a family, the temperature range that these data cover, and measurements by different authors. The n -alkanes exhibit the most typical dependence of the heat capacity with temperature. For the majority of n-alkanes, the first derivative of the heat capacity with respect to temperature is positive over the entire liquid region. For some members of this homologous series, in particular C1 to C3, C s to C 7 , and ~, a shallow minimum located a few degrees above the melting temperature is observed in very precise measurements. The present method does not account for the initial almost flat part of the curve and predicts a monotonically increasing heat capacity with temperature.
The heat capacity of methane cannot be predicted using the proposed method whereas the prediction for Deviations between obselVed and estimated heat capacities for all n -alkanes are given in Table 7 . Deviations slightly higher than the average, reaching a maximum value of about 6 %, have been found for almost all nalkanes starting with undecane at temperatures above 400 K. The deviations are almost constant for all higher n -alkanes thus indicating that the dependence of a group contribution on the length of the carbon chain would not result in an improved estimation of the heat capacity. The use of 4 adjustable parameters in Eq. (2) to describe the dependence of flc; on temperature does not lead to substantially better predictions at higher temperatures as well. The most plausible explanation Jies in the selection of compounds used for the calculation of adjustable parameters. The set of selected compounds (see Table 4 ) contains predominantly short-chain hydrocarbons simply because there are no data available for long-chain hydrocacbons other than rt -alkanes.
Branched Alkanes
Deviations in the family of branched alkanes are in general low (Table 8 ). There are no data for branched alkanes higher than C IO except for 2-methyldecane and Il-decylheneicosane. Somewhat larger deviations for two compounds, 2-methylpropane and 2,2-dimethylpropane, can be possibly explained by a methyl repulsion for a ternary and quaternary carbon atoms. 'The methyl repulsion correction was proposed and applied to the estimation of enthaJpies of formation of substituted a1kanes by Domalski and Hearing (88DOM/HEA). However, we do not observe a similar behavior in other branched hydrocarbons that is exemplified by unusual deviations between the recommended and estimated heat capacities of 2-methylpropane and 2,2-dimethylpropane as well as for other branched alkanes. We reject the possibility of explaining the large deviations by the poor quality of the data as the data for both compounds come from reliable sources (2-methylpropane: 37P ARiSHO, 38SAGILAC, 40AST/KEN; 2,2-dimethylpropane: 36AST/MES, 69ENO/SHI).
Alkenes and Dienes
Testing of the present method in the family of alkenes and dienes (Tables 9 and 10) shows that the estimated heat capacities agree well with the recommended data with a few exceptions. Large deviations for ethene, 1propene, and I-butene can be explained by an unusual dependence of the heat capacity with temperature that exhibits a rather deep minimum which is shifted more than 50 K above the melting temperature (92ZAB/BUR).
Alkynes
The heat capacities of liquid alkynes as a function of temper"ature are available for two compounds only, I-butyne and 2-butyne. The compounds have been used for the determination of group contributions; therefore, they are not reported in tables of deviations between the recommended and estimated heat capacities.
Saturated Cyclic Hydrocarbons
The heat capacity data in the family of saturated cyclic hydrocarbons are quite abundant. The family includes data for a large number of compounds that contain up to 27 carbon atoms in the molecule. To account for the difference in the ring strain correction for the unsubstituted and substituted cyclopentane, we followed the approach by 88DOM/HEA and developed two sets of parameters. Somewhat larger deviations for some high molecular weight cycloalkanes maybe attributed either to poor quality of the data as recommended data for many of these compounds are rated as medium quality in the compilation 93ZAB/RUZ, or to a model deficiency.
Unsaturated Cyclic Hydrocarbons
The deviations for unsaturated cyclic hydrocarbons reported in Table 12 are very low because, due to the limited amount of available data, many compounds have been used as a single source of data to determine the structural corrections.
Aromatic Hydrocarbons
Aromatic hydrocarbons including multi-ring hydrocarbons conform to the additivity rules well as is demon-strated by the small deviations given in Table 13 . Slightly larger deviations for 1,2,3,4-tetramethylbenzene might be attributed to a lower quality of data in particular at temperatures above 300 K, where data from only a single source (47KUR) are available. The heat capacity of 5'phenyl-I, 1 ':3' , 1" -terphenyl was measured in a single laboratory only, 82LEB/BYK. As heat capacities of other terphenyls are predicted well, we suspect that these data may have a higher uncertainty than originally expected and found for 5' -phenyl-l,1 ':3' ,1"-terphenyl in Table 13 .
Conclusion
Parameters for a group contribution method that permits estimation of heat capacities of liquid hydrocarbons have heen determined_ Summation of group contributions and structural corrections represented by a second order polynomial enables one to obtain an analytical expression for the heat capacity as a function of temperature. The method is applicable for the estimation of heat capacities of liquid alkanes, alkenes, alkynes, saturated and unsaturated cyclic hydrocarbons, and aromatic hyurucarbuns.
A total of almost 4000 comparisons for 265 C 2 to C 48 hydrocarbons have been made between a recommended value and one calculated using the additive group contri-" butions reported here. It has been demonstrated that the method can be used in the range from the melting temperature to the normal boiling temperature where it gives an average deviation of 1.9 %. It has been shown that the estimated heat capacities are also correct above the normal boiling temperature. The proposed method fails in the vicinity of the critical point where the heat capacity rises quickly and becomes unbounded at the critical point.
The present estimation method compares favorably with a similar additivity method developed by Luria and Benson (77LUR/BEN) despite a smaller number of parameters used in this work for the description of the temperature dependence of contributions t:.c;. A small number of adjustable parameters for each additivity unit is essential to allow a realistic extrapolation outside the temperature limits to which the parameters relate (93RUZIDOM). A small number of parameters also reduces the colinearity of parameters, in particular for families of compounds other than hydrocarbons. The application of a more complex expression for the dependence of t:.c; with temperature is limited by unavailability of accurate heat capacity data.
A comparison of the group contribution method developed here with the generalized three-parameter corresponding states method of Lee-Kesler (75LEE/KES) shows that the present estimation method is superior, in particular, in the region up to the norma) boiHng temperature.
To improve and further develop the estimation scheme, more data are required in a broad temperature interval covering the range from the melting temperature to the normal boiling temperature. There is a lack of data for higher molecular weight hydrocarbons, in particular branched alkanes and alkenes. The heat capacity data for liquid alkrnes are restricted to two compounds only.
Th~ second paper of the series will present adjustable parameters for the estimation of heat capacities as a function of temperature for organic compounds containing the elements C,H,O,N,S, and halogens. 1,1':2' ,1"-terphenyl 4 (4) 10.0 2.4 330-356 390-407 1,1':3',1"-terphenyl 12 (12) 8.9 1.8 432-534 453-512 1,1 ':4' ,1"-terphenyl 11 (11) 14.5 2.8 487-580 486-560 I-methyl-7-( I-methylethyl)phenanthrene 13 (13) 14.0 2.8 369-473 420-487 ar,ar' -bis(l-methylethyl)-l,l' -biphenyl 18 (18) 11.0 1.6 422-589 521-657 1,1',1" -methylidenetrisbenzene b 24 (24) 0.0 0.0 373-596 541-640 1-(2-naphthalenylmethyl)naphthalene 10 (10) 0.9 0.1 343-423 440-503 "-phenyl-l,l ':3' ,1"-terphenyl , (') 39.0 6.1 446-480 61()-,.(j54 1,1':3',1":3",1"'-quaterphenyl 12 (12) 23.7 3.7 431-534 597-670 1,1-diphenyldodecane 4 (4) 3.3 0.3 283-298 586-595 (l-cycIohexyldodecyl)benzene 2 (2) 2.9 0.4 282-297 603-606 1,1' ,1"-( 1,3,!5-benzenetriyl) trisnaphthalene 10 (10) 42.3 4.4 472-560 870-967 ·Standard deviation and average absolute percent deviation defined in Table 7 . ~e heat capacity values for the compound were used as a single source of data to determine the adjustable parameters. I:See footnote c at the bottom of Table 7 . 
